Infection of cultured cells with lytic animal viruses often results in the selective inhibition of host protein synthesis, whereas viral mRNA is efficiently translated under these circumstances. This phenomenon, called shut off, has been well described at molecular level for some viruses, but there is not yet any direct or indirect evidences supporting the idea that it also should operate in animals infected with viruses. To address this issue, we constructed recombinant Sindbis virus (SV) expressing reporter mRNA, whose translation is sensitive or resistant to virus-induced shut off. As found in cultured cells, replication of SV in mouse brain was associated to a strong phosphorylation of eukaryotic initiation factor eIF2 that prevented translation of reporter mRNA (luciferase and EGFP). Translation of these reporters was restored in vitro, in vivo and ex vivo when a viral RNA structure termed DLP, present in viral 26S mRNA, was placed at the 5´ end of reporter mRNAs. By comparing the expression of shut off-sensitive and -resistant reporters, we unequivocally concluded that replication of SV in animal tissues is associated with a profound inhibition of non-viral mRNAs translation. A strategy as simple as that followed here might be applicable to other viruses to evaluate their interference on host translation in infected animals.
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Introduction
The interference of animal viruses with host translation was first documented in the decade of the 1960s in human fibroblasts infected with poliovirus (1) Further studies revealed that the halt of host translation (or shut off) was a general phenomenon observed in cells infected with lytic RNA and DNA viruses (2) (3) (4) (5) (6) . Of the three steps in protein synthesis, viruses mainly affect the initiation step by hijacking or modifying the activity of key initiation factors (eIFs) to ensure an efficient translation of viral mRNAs and the simultaneous decline of host translation (5) (6) (7) (8) . The main targets of viruses are components of the cap-binding complex (eIF4F) that are required for the recruitment of ribosomes to mRNAs. Thus, some picornaviruses (e.g poliovirus and rhinovirus) and lentiviruses (e.g HIV-1) express proteases that proteolyze the eIF4G (the largest component of eIF4F) and PABP (polyA binding protein) to dismantle cellular capdependent translation, whereas viral translation continues by the presence of IRES elements in viral mRNA that allow the recruitment of ribosomes in a cap-independent manner (2, (9) (10) (11) (12) (13) (14) . Other Picornaviruses (e.g EMC), Rhabdoviruses (VSV) and Adenovirus decrease the activity of eIF4E (the cap-binding protein of eIF4F complex) by promoting its dephosphorylation or/and the activation of its inhibitors 4E-BP1 and 2 (15) (16) (17) . In other cases, such as Rotavirus and Influenza, viral proteins hijack eIF4G to redirect it towards viral factories where viral mRNA is being translated (18, 19) .
Another important point of translation control in infected cells relies on the activity of eIF2 that brings the initiator Met-tRNA to 40S ribosomes (20) (21) (22) (23) . In response to viral infection, host dsRNA-activated kinase (PKR) phosphorylates eIF2 in an attempt to block general translation (both cellular and viral) (24) (25) (26) (27) . However, most viruses avoid this by expressing products that prevent the activation of PKR in infected cells (reviewed in (28) ). A remarkable exception to this are the members of alphavirus group (Sindbis and Semliki forest virus). Thus, complete phosphorylation of eIF2 was found in cultured mouse fibroblasts infected with these viruses, so that only viral mRNA is translated under these circumstances (22, 29) . The presence of a secondary structure termed DLP located 27 nts downstream from the initiator AUG in viral 26S transcripts allows this mRNA to be translated by an eIF2-independent mechanism in infected cells (22, 30) .
The shut off phenomenon has been extensively studied in cultured cells, but not in infected animals, so that evidences for virus-induced shut off in vivo are still lacking.
In vitro experiments often require somewhat artefactual conditions such as the use of highly susceptible cell lines to virus and high multiplicity of infection, two conditions that are difficult to find during virus replication in animals. Moreover, the analysis of virus-induced shut off in vivo raises technical difficulties to measure de novo protein synthesis in a single animal´s cell infected with the virus. Many viruses also interfere with other steps of host gene expression such as transcription, mRNA transport or stability (3, 29, (31) (32) (33) (34) (35) , making it very difficult to attribute a reduction in the synthesis of host proteins (or of a given host protein used as reporter) to the sole effect on translation.
We show here that, as occurs in vitro, replication of Sindbis virus in mouse brains is linked to a phosphorylation of eIF2 that was detected in infected neurons. We show indirect, but strong evidences that shut off of host translation also occurs in animals infected with viruses.
Results
Engineered reporter mRNAs that mimic translation of cellular and viral mRNA in SV-infected cells. We previously reported that as consequence of PKR-induced eIF2 phosphorylation, only viral 26S mRNA that bears DLP structure is translated in alphavirus-infected cells ( Fig.1A and (22) ). Like the rest of cellular mRNAs, heterologous mRNA expressed from a recombinant SV was no longer translated in infected mouse fibroblasts due to eIF2 phosphorylation (Fig. 1C, 1F and (22)).
Translation of reporter mRNA was easily restored when viral DLP (90 nts in length) structure was placed at the 5´ end of a coding sequence of these mRNAs, allowing a translation as efficient as that of viral 26S mRNA (Fig. 1E) . We reasoned that, in terms of translation in SV-infected cells, these reporter mRNAs lacking or containing DLP structures might behave as bona fide cellular and viral mRNAs, respectively. Moreover, since these reporter mRNAs are transcribed from a viral promotor, differential expression should reflect exclusively differences in the rate of translation. Thus, virusinduced shut off in vivo could be easily inferred by comparing the expression of reporter genes in animals infected with these two types of viruses (SV-reporter vs SV-DLP reporter). To validate our experimental approach, we first carried out a detailed characterization of recombinant viruses in cultured cells (Fig.1B) Second, the placement of a DLP structure at the 5´ end of the EGFP coding sequence restored translation to a level comparable to that of translation in viral 26S mRNA.
Third, the use of a viral promotor that drives the synthesis of reporter mRNA allowed direct measurement of the effect of virus replication on translation, obviating the perturbations that Sindbis and other viruses exert on cellular transcription (3, (31) (32) (33) 49) .
In fact, infection with alphavirus also results in a halt of host transcription that can be separated from the translation shut off phenomenon (49) . Despite this, we found that the steady state levels of abundant host RNA, such as ribosomal or !-actin mRNA, did not significantly decrease at 6 hpi, when translation of host mRNA was completely inhibited (Fig.1) .
A similar experimental strategy to that described here might be applicable to the study of shut off in other viruses where the interference with host translational machinery has been well clarified. This approach requires, however, a previous knowledge of molecular tricks that allow the mRNA of a given virus to be translated in an enviroment of general translational inhibition. This has been well described for picornavirus and roughly clarified for VSV, Influenza, Adenovirus and Rotavirus but not for others such as Poxvirus (6, 16, 17, 19, 50, 51) . Thus, the low dependence of VSV, Adenovirus and Influenza for the cap binding protein eIF4E might be used to create reporter mRNA with different translational capabilities in cells infected with these viruses (52) (53) (54) (55) . A limitation of the strategy described here is that reporter genes should be placed under subgenomic promotors in RNA or DNA viruses to create a transcriptional independence, which excludes picornavirus and other viruses that initiates transcription exclusively from the end of the genomic strand.
The demostration that shut off also takes place in vivo, at least for alphavirus could have profound implications for a better understanding of virus-host interactions in infected animals. Moreover, the ability of viruses to block host translation might be critically regulating their pathogenic potential by preventing the synthesis of proteins with antiviral function such as interferons and other inflammatory cytokines.
Finally, the influence of viral DLP on translation of mRNA in SV-infected cells could improve the expression of foreigner genes from SV-derived vectors, which are widely used to transduce primary neurons and organotypical explants of brain animals (41, 42) .
Materials and Methods
Animals and cell lines. Wild type (Charles River) and PKR knock-out animals (kindly provided by J. C. Bell, University of Ottawa, Canada, (56)) from 129sv strain were used. Four-weeks old females were infected by the intranasal route with 5x10 (27) and BHK21
were grown in DMEN suplemented with bovine serum (3T3) and fetal serum (PKR o/o and BHK21) as described previously (22) . MEFs derived from 129sv mice were prepared following standard protocols (23) .
Construction of Recombinant viruses. Recombinant viruses expressing luciferase or
EGFP mRNAs were constructed in the pT7SV-2p plasmid, an infectious cDNA clone of the Sindbis virus which carries a second subgenomic promotor at the 3´ of genomic mRNA, and which has been designed to express foreigner genes (57) . The construction of SV-EGFP has been described (22) . For SV-Luc, the luciferase coding sequence was amplified by PCR with the following primers: 5´ Luc GGGCGCTAGCGGATCCA ATGGAAGACGCCAAAAAC and 3´ Luc: CGCCGCTAGCTTACAATTTGGACT TTCCGCC. PCR products were digested with NheI enzyme and cloned into the XbaI site of pT7SV-2p. For SV-DLP EGFP, we amplified by PCR a DNA fragment containing the DLP of SV fused in frame to the EGFP coding sequence from plasmid p5´CEGFP-N1 (22) . The primers used were: 5´C SV GCGCGCTAGCATGAA TAGAGGATTC and 3´ EGFP CGCGCTCTAGATTACTTGTACAGCTCGTC. The resulting PCR product was cloned into the XbaI site of pT7SV-2p as described above.
For SV-"DLP EGFP, the template for PCR amplification was p5´C"DLP EGFP-N1 plasmid carrying point mutations in DLP region that disrupted the secondary structure of RNA as described before (22) . For SV-DLP Luc, the PCR fragment of luciferase coding sequence described above was cloned into p5´CEGFP-N1 plasmid using BamHI and XbaI enzymes. Then, a PCR amplification was done using 5´C SV and 3´ Luc primers and the resulting fragment was cloned into pT7SV-2p plasmid as described before. All constructions were verified by sequencing. Infectious RNAs were generated in vitro by transcription with RNApol T7 and electropored in BHK21 cells as described previously (22) . Viruses were collected 2-3 days later when the cytophatic effect was massive and purified by ultracentrifugation (29K for 4 h) through a sucrose cushion at 4ºC. The resulting viral preparation showed titres of 5x10 8 -10 9 pfu/mL and a high degree of genetic homogeneity (see supplementary data). Infection of organotypic slices from rat hippocampus. Hippocampal slices from 6-day-old rats were prepared as described before (40) Samples were analyzed at 6hpi and luciferase activity was measured as described in materials and methods. The standard deviation from three independent experiments is shown. 
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